A B S T R A C T To investigate the mechanism of exercise-induced bronchospasm, we measured specific airway conductance before and after exercise in 7 healthy normals, 12 asthmatics with intact carotid bodies, and 5 asthmatics who had had bilateral carotid body resection. The subjects breathed either air or oxygen (randomly assigned) during cycle ergometer exercise. Post-exercise bronchodilation was the usual pattern in normals, whereas post-exercise bronchospasm occurred in all asthmatics who breathed air during exercise. Oxygen breathing during exercise markedly attenuated the post-exercise bronchospasm in those asthmatics with intact carotid bodies, but had no significant effect in those without carotid bodies. The attenuation of the bronchospasm with oxygen occurred with either incremental or constant load exercise of high intensity. The degree of attenuation did not correlate significantly with changes in end-tidal Pco2, maximum work rate, maximum exercise ventilation, or maximum heart rate. These studies indicate that oxygen attenuates exercise-induced bronchospasm in asthmatics through its action on the carotid bodies.
INTRODUCTION
Post-exercise bronchospasm is a common occurrence in asthmatic subjects. Hypocapnia (1, 2) , metabolic acidosis (3), hypoxemia (4), stimulation of mechanical or irritant receptors in the airways (1, 2) , and altered sympathetic response (4) have all been implicated as causative mediators but none have been proven to be.
Because lactic acid reaches its peak after the cessation of heavy exercise (3), the carotid bodies, which are known to be the primary respiratory chemorecep- (6) . We studied control and asthmatic subjects as well as a group of asthmatic subjects who had, several years before, undergone carotid body resection. These studies provide evidence that the carotid bodies play a role in exercise-induced bronchospasm.
METHODS
We studied 7 healthy adults without history of lung disease, 12 asthmatic subjects with symptomatic exercise-induced bronchospasm, and 5 asthmatic subjects who had had bilateral carotid body resection at least 5 yr before (Table I) . Only one patient in the latter group, subject 20, had symptomatic asthma. All gave informed consent before the studies. All subjects were instructed not to drink coffee or take other stimulants for at least 2 h, and to take no medication for at least 4 h before the testing. Only the four following subjects were currently on medication. Subject 8 employed a metered isoetharine inhaler, but had not used it for several days. Subjects 9, 10, and 20 each took 200 mg of aminophylline, or 200 mg of oxtriphylline orally three or four times daily plus 2.5 mg of terbutaline sulfate or 20 mg of metaproterenol three or four times daily, but in no case within 9 h of study. No subjects used disodium cromoglycate, corticosteroids, or long acting theophyllines.
We used specific airway conductance, measured in a constant volume plethysmograph, as described by DuBois et al. (7) to estimate the degree of bronchospasm, because we, and others have found it to be a more sensitive index of exercise-induced bronchospasm than the 1-s vital capacity or the maximal midexpiratory flow rate (8) . The subjects exercised on a cycle ergometer at -60 rpm at 18-20°C while ). This signal was 5-liter Plexiglas (Rohin and Hass Co., Philadelphia, Pa.) used to derive tidal volume by integration, breathing frechamber with water at room temperature, providing a surface quency, and also minute ventilation. Heart rate was measarea of 900 cm2, and then into two 6-liter reservoir bags ured continuously from the R-R interval of the electrocardioconnected to the Otis-McKerrow valve intake. The PH20 gram, using a Beckman heart rate coupler. All of these ranged from 14.5 to 17.5 mm Hg at this point, but was measurements were displayed on a Beckman Type R most likely further humidified to a PH20 of -20 mm Hg dynograph recorder. by the moisture in the breathing valve. The humidification Two protocols were used to study the effect of air and procedure was, therefore, identical for the various inspirates 100% 02 breathing during exercise on specific airway and hence, subject-to-subject and trial-to-trial variability conductance (Fig. 1) . Protocol I consisted of two incremental would be random and small. End-tidal Pco2 (LB-2 Beck-exercise tests (one with air and one with 02 as the man Instruments, Inc., Fullerton, Calif.) was measured inspirate) in which the work rate was increased 15 Table I ). Yet, compared to the air breathing tinutes 2 4 6 8 lb 1'2 14 16 study, all four of these subjects had a smaller decrease AIR _ 02 rIX in specific airway conductance after exercise. rcise protocols. Protocol I (left)
After exercise, the control group demonstrated a ;ubjects' maxima while breath-mild increase in specific airway conductance, whether it) consisted of exercising at a air or oxygen was breathed during exercise, with no kt patterns of air and 02 breath-. . . a -andomized in both protocols. significant differences attributable to the type of gas inhaled (Fig. 2) .
If all subjects reached the same work rate while on r, in a few cases, after a rest air and 02, it would be expected that, as a group, air or oxygen tests randomly maximum minute ventilation and maximum heart rate might be higher and end-tidal carbon dioxide ndays. Before exercise, the tension lower while breathing air during the final cle ergometer and breathed minute of exercise. Because all subjects exercised oxygen (studies B and C) for to their maximum, and four asthmatics were able to -y cycled at a work rate that attain higher work rates while exercising with 02 as lined in protocol I during air the inspirate, there was no significant difference the subjects stopped cycling tne maximum was ntilaiono dimum additional 4 min while con-between maximum minute ventilation or maximum e same mouthpiece. In study heart rate during the last minute of exercise for the air Lroughout this 16-min period. and 02 studies. While end-tidal Pco2 was found to oreathed oxygen throughout. be significantly lower during the last minute of 1 oxygen throughout, until 2 ixntirud s w swil 2 exercise during the air breathing study, there was no 111111 a&LC;l VA1U1%.;A WIlltA 1S%-&1AaJJ14 6%, rCL VVC tOâ*V%&11% air, whereas in study D, the subjects breathed air during the pre-exercise and exercise periods but were switched to oxygen breathing for the first 4 min ofthe post-exercise period.
The 7 normal and all 12 asthmatic subjects, and the 5 additional asthmatic subjects who had had their carotid bodies removed, performed protocol I. Only 7 of the 12 asthmatic subjects were studied using protocol II. The reduction in number of subjects studied in protocol II was due to the unavailability of some subjects to perform both protocols.
Specific airway conductance was measured before exercise and at 3, 5, 8, 10, 15, 25, and 35 min after exercise in protocol I, and at 5, 9, 13, 17, 21, 25, and 29 min after exercise in protocol II. Subjects were seated on a chair just outside the body of the plethysmograph during the time intervals between measurements. Paired t tests were used for statistical analysis unless otherwise stated.
RESULTS
Protocol I. Pre-exercise specific airway conductance was not significantly different before air or 02 breathing in either the normal or asthma groups (Table I) . After air breathing exercise, the asthmatic group developed significant bronchoconstriction with the maxi- (12) NORMALS (7) TIME (Min)-POST EXERCISE FIGURE 2 Changes in specific airway conductance (SGaw) after a maximal incremental exercise test in 12 asthmatic and 7 normal subjects. The base-line value for each subject (i.e., 100%) is the pre-exercise level. The vertical lines represent one SE. The change in post-exercise specific airway conductance was significantly less (asterisks indicate P < 0.05) with the 02 administration in the asthmatic group at each measured time. The asthmatics with resected carotid bodies showed a different response from those with intact carotid bodies. The former had a decrease in airway conductance which was unaffected by oxygen, and which also was smaller and delayed ( Fig. 3 and Tables II  and III) .
Protocol II. Oxygen breathing attenuated exerciseinduced bronchospasm in the group of seven asthmatics who performed the constant high intensity work for 4 min (Fig. 4 and Table IV). When 02 was breathed throughout the exercise and for 4 min of recovery (study B), specific airway conductance was significantly greater than the comparable air breathing study (study A) for six of the seven measurement times. Also, in the study in which 02 was breathed during exercise, but for only 2 min of recovery (study C), the specific airway conductance was significantly greater than in study A at five of the seven times. In study D, the air breathing exercise was followed by 02 breathing for the first 4 min of recovery. This produced an intermediate response of post-exercise specific airway conductance, not significantly different from studies A, B, or C.
When oxygen, rather than air, was breathed during the constant work rate test, minute ventilation was significantly lower and end-tidal Pco2 significantly Fig. 2 . Post-exercise changes in spe-FIGURE 3 Changes in specific airway conductance (SGaw) cific airway conductance are similar whether air or 02 was after maximal incremental exercise in five asthmatics vith breathed. FIGURE 4 Change in specific airway conductance (SGaw) after four constant load exercise tests in seven asthmatic subjects. The protocol for the four studies is diagrammed in Fig. 1 It is well known that vagally mediated reflexes may play a role in bronchoconstriction (4, 10) , as atropine can block exercise-induced bronchospasm (11, 12) . In addition, Nadel and Widdicombe (4, 13) (5) showed that human subjects whose carotid bodies had been surgically removed failed to show respiratory compensation for the metabolic acidosis of exercise. Because carotid body stimulation may cause changes in the mechanical properties of the lung (13) , and because bronchospasm peaks after completion of strenuous exercise when H+ levels are greatest, the factors are present that might account for bronchospasm induced by carotid body stimulation. Although hypoxia, itself, can induce bronchospasm (4, 13) , it is unlikely to be the trigger, as patients with exercise-induced bronchospasm frequently are not hypoxic (2, 3) . Owing to the inhibitory action of oxygen on carotid body output, it follows that oxygen attenuated bronchospasm in the asthmatic subjects might be accounted for by decreasing carotid body discharge. The studies done on the asthmatics who had their carotid bodies removed (Fig. 3) As oxygen attenuated the bronchospasm in all 12 asthmatics (and prevented it in some), but had no effect on those asthmatics who had undergone bilateral carotid body resection, we conclude that exercise-induced bronchospasm in the asthmatic is multifactorial in origin, and that carotid body stimulation, possibly by H+, plays a role in mediating at least part of this phenomenon in susceptible individuals.
